A recently-developed technique for dilution of the naturally high protein packing density in isolated grana membranes was applied to study the dependency of the light-harvesting efficiency of photosystem (PS)II on macromolecular crowding. Slight dilution of the protein packing from 80 % area fraction to the value found in intact grana thylakoids (70 %) leads to an improved functionality of PSII (increased antenna size, enhanced connectivity between reaction centers). Further dilution induces a functional disconnection of LHCII from PSII. It is concluded that efficient light-harvesting by PSII requires an optimal protein packing density in grana membranes that is close to 70 %. We hypothesize that the decreased efficiency in overcrowded isolated grana thylakoids is caused by excited-state quenching in LHCII, which has previously been correlated with neoxanthin distortion. Resonance Raman spectroscopy confirms this increase in neoxanthin distortion in overcrowded grana as compared with intact thylakoids. Furthermore, analysis of the changes in the antenna size in highly-diluted membranes indicates a lipid-induced dissociation of up to two trimeric LHCII from PSII, leaving one trimer connected. This observation supports a hierarchy of LHCII binding sites on PSII.
A recently-developed technique for dilution of the naturally high protein packing density in isolated grana membranes was applied to study the dependency of the light-harvesting efficiency of photosystem (PS)II on macromolecular crowding. Slight dilution of the protein packing from 80 % area fraction to the value found in intact grana thylakoids (70 %) leads to an improved functionality of PSII (increased antenna size, enhanced connectivity between reaction centers). Further dilution induces a functional disconnection of LHCII from PSII. It is concluded that efficient light-harvesting by PSII requires an optimal protein packing density in grana membranes that is close to 70 %. We hypothesize that the decreased efficiency in overcrowded isolated grana thylakoids is caused by excited-state quenching in LHCII, which has previously been correlated with neoxanthin distortion. Resonance Raman spectroscopy confirms this increase in neoxanthin distortion in overcrowded grana as compared with intact thylakoids. Furthermore, analysis of the changes in the antenna size in highly-diluted membranes indicates a lipid-induced dissociation of up to two trimeric LHCII from PSII, leaving one trimer connected. This observation supports a hierarchy of LHCII binding sites on PSII.
Photosynthetic energy transformation is confronted with the difficulty that even full sunlight is a diluted energy source at the molecular level (1) . This constituted a high evolutionary pressure for optimizing lightharvesting, which is reflected by the presence of a large number of pigmented light-harvesting complexes (LHC, 1) in almost all photosynthetic organisms (with the exception of halobacteria). LHCs enlarge the absorption cross-section of the primary energy converting reaction centers (RC) harbored in the photosystems (PS) by coupling them with hundreds or even thousands of pigments (e.g. chlorophylls, carotenoids). These pigments are excitonically well coupled, leading to ultrafast (< 1ps) and thus very efficient energy transfer (2). A biophysical constraint for enlarging the photosynthetic antenna size by a connected pigment system is the steep dependency of the non-radiative excitonic energy transfer rate on the distance between pigments (3). Therefore antenna pigments must be densely packed. In higher plants and green algae LHCs are integral membrane proteins embedded in the thylakoid membrane, within chloroplast organelles (4) . They are tuned to allow very efficient exciton energy transfer at high chlorophyll concentrations (~0.3 mol · L -1 ) (5). This is achieved by an exact and highly-ordered positioning of the pigments in the protein scaffold. Slight changes in the pigment arrangement can induce exciton quenching, leading to dissipative loss of harvested light energy (6) . In addition to energy transfer between pigments within individual LHCs, lightharvesting in thylakoid membranes requires efficient intermolecular transfer of excitations (between proteins). This is because these photosynthetic light-harvesting systems are composed of different LHCs, arranged in a modular way (4) . For example the PSII-core complex in higher plants is connected to six different LHCs. Current models of PSII in stacked grana thylakoids assume a supercomplex (7) or megacomplex organization (8, 9) . Both suggest that PSII is a (core) dimer associated with different sets of bound LHC. In the supercomplex model the core dimer binds four minor LHCs (CP26, CP29) and two trimeric LHCII. Megacomplexes bind in addition two CP24 and two trimeric LHCII. Although the presence of PSII dimers in native thylakoids has recently been questioned (10) , a huge number of data support the dimeric state in intact thylakoid membranes (e.g. 11, 12) . However, assuming a dimeric LHCII-PSII supercomplex organization in grana thylakoids, two to six more loosely bound trimeric LHCII are associated to the supercomplex (13, 14) , leading to a functional connection of ~150 to ~280 chlorophylls per RC. The strong distance dependency of the exciton energy transfer suggests that these more loosely bound LHCII-trimers must be in close proximity to the LHCII-PSII supercomplex. Indeed the protein density in stacked grana thylakoids is high (15) , which is advantageous for efficient intermolecular exciton transfer. On the other hand this high packing density may also lead to the generation of unwanted energy dissipating states. For example, studies on isolated LHCII-trimers show aggregationinduced energy quenching (5, 6, 16) . Models exist postulating that this "aggregation-induced" quenching is the main mechanism responsible for photoprotective non-photochemical quenching (17) . It is not clear how this dissipative mode is avoided in crowded grana if the system requires very efficient light conversion under non-stressed conditions. These considerations indicate a crucial role of the protein packing density in grana thylakoids in tuning PSII light-harvesting. So far no information exists about how the lightharvesting efficiency depends on protein packing in grana membranes. A possible reason for this lack of knowledge could be the difficulty of manipulating the lipid/protein ratio and thus the area fraction occupied by proteins in intact plants. As an alternative, in vitro approaches can be used to study the role of protein packing density.
Recently we developed a method of diluting the high protein density in isolated grana membranes by their fusion with liposomes (18) . Although this approach has already been applied to intact thylakoids (19) , the improvement of our method concerns the use of small unilamellar liposomes (SUV) which contain native thylakoid lipids rather than artificial ones. Furthermore clear-cut conclusions are difficult to derive from intact thylakoids since PSI and LHCI contributions interfere with signals generated by PSII and LHCII. In this report we present a detailed structural and functional analysis of isolated grana membranes fused with liposomes to study the interdependency between protein density and light-harvesting of PSII.
Experimental procedure
Preparation of photosynthetic membranes with altered protein density BBY membranes (20) from hydroponically grown (21) Spinacea oleracea var. polka were prepared and fused with small unilamellar vesicles of the native grana thylakoid membrane lipid mixture as described in (18) . The incorporation of lipids was monitored by equilibrium density step-gradient ultracentrifugation, while the composition and quantification of the lipid:chlorophyll stoichiometry was determined via 2-dimensional thin-layer chromatography (18) . The chlorophyll content was quantified according to (22) . To confirm the functionality of the original BBY membranes, their oxygen evolution was determined polarographically immediately after preparation. For this purpose the membranes were resuspended in BBY measuring medium (40 mM KCl, 7 mM MgCl 2 , 300 mM sorbitol, 15 mM MES pH 6.5) yielding a final chlorophyll concentration of 20 µM. All other functional measurements (see below) were performed in the BBY measuring medium. The oxygen evolution measurements were performed in the presence of 0.5 mM 2,6-Dichloro-1,4-benzoquinone with a Clark-type electrode (Bachofer GmbH, Reutlingen, Germany) at 20 °C at light intensities > 5000 µmol quanta m -2 s -
.
Steady state electron transport rates of PSII were determined by photometric measurement of the reduction of the PSII electron acceptor 2,6-dichlorophenolindophenol (DCPIP) at 600 nm with a Hitachi U3900 spectrometer. At pH 6.5 (BBY measuring medium) we measured an extinction coefficient for DCPIP of 18.2 mM -1 cm -1 . The assay contains BBY measuring medium, membranes corresponding to 10 µM chlorophyll, 70 µM DCPIP and 2 mM of the PSII electron donor diphenylcarbazide (DPC). PSII was excited by white light at 1000 µmol quanta · m -2 s -1 . We confirmed that this light intensity was saturating.
Steady-state and chlorophyll a fluorescence induction spectroscopy
Steady-state fluorescence of the fusion products was measured according to (18) in BBY measuring medium without sorbitol. Oxidizing conditions were established by the addition of 50 µM potassium-hexacyanoferrate III (Fo fluorescence), while reduction was induced by 10 mM sodium-dithionite (Fm fluorescence). Fluorescence induction curves of dark-adapted membranes were recorded in the above mentioned buffer in the presence of 1 mM NH 2 OH and 75 µM DCMU. The kinetics were analyzed according to (23) . All fluorescence parameters were measured in a laboratory-built fluorometer (21) , normalized to the relative chlorophyll content and corrected for a systemspecific small light-leak (18) .
Absorption spectroscopy
Absorption spectra of the same samples used for fluorescence spectroscopy were recorded in a Hitachi spectrophotometer U-3010 with a headon photomultiplier (Hitachi Ltd. Tokyo, Japan). The band width was 1 nm, the scan speed 300 nm / min and the optical path length 10 mm.
77K fluorescence spectroscopy
Low-temperature fluorescence spectra were obtained as described in (24) . The membranes were resuspended in the BBY measuring medium without sorbitol at a chlorophyll concentration of ~3 µM, shock-frozen in liquid nitrogen and excited with a broad blue-green light source (400 to 550 nm) produced with a halogen lamp and Schott BG18, Corning 9782 and LOT heat mirror filters. 25 -50 emission spectra per sample were averaged and corrected for the spectral response of the set-up. For spectral deconvolution these starting spectra were analyzed as follows: To compare absolute fluorescence changes, the spectra were normalized in such a way that the area under the spectrum equals the measured Fm value (see above for steady-state Fm measurements). The resulting spectra were fitted with five Gaussian curves, corresponding to free LHCII (F680), CP43 (F685), CP47 (F695), aggregated LHCII (F700) and PSI plus satellite bands of the others (F730). The maximum of each component was deduced from the first derivative of the spectrum. The amplitude and half width of the Gaussians were free fitting parameters. The position of the maxima (679.8nm, 684.2nm, 692.2nm, 704.0nm, and 736.4 nm) and the half width (9.8nm, 10.2nm, 16.2nm, 21.1nm, 57.9nm) are in the range of published data (25) .
PSII quantification PSII has been quantified by two different methods: First, chemical difference absorption spectra between 520 and 580 nm were recorded to determine the content of cytochrome b 559 (14) . Secondly, the pheophytin concentration was analyzed spectroscopically by reversed-phase HPLC (26) . The PSII content is expressed relative to the total chlorophyll concentration, i.e. chlorophyll to cytochrome b 559 and chlorophyll to two pheophytins.
Freeze-fracture electron microscopy -The membranes were freeze-fractured and examined by electron microscopy as described in (27) . Membranes were placed in a copper sample holder, frozen to -180°C in liquefied ethane and fractured in a BAF400T (BalTec, Principality Liechtenstein). Platinum/carbon replicas were imaged with an EM208S (FEI Co.) TCSPC measurements were performed as described previously (28) . The membranes were diluted to 2 -10 µM chlorophyll in 10 mM MES (pH 6.5), 7 mM MgCl 2 and 40 mM KCl. A combination of low excitation light intensities and the use of ferricyanide guaranteed around 100 % of the reaction centers stayed open while significant build-up of triplet states was avoided (28) . This was confirmed by the measurement of almost identical lifetime components at 10-fold increased light intensities (data not shown).
Resonance Raman Spectroscopy
Resonance Raman spectra were measured essentially as described in (29) . Thylakoid and BBY membranes were measured at 6280 and 4629 µM chl, respectively, whereas the control and fused BBY samples were measured at 100 µM chl after addition of 7 mM MgCl 2 . A small drop of sample, maintained at 77 K in a nitrogen-flow cryostat (Air Liquide, Sassenage, France), was excited at 488.0 nm with an Ar laser (Coherent, Palo Alto, California). Raman spectra were measured with 90° signal collection using a two-stage monochromator (U1000, Jobin-Yvon, Longjumeau, France), equipped with 1800 groove/mm gratings, and a frontilluminated, deep-depleted CCD detector (JobinYvon, Longjumeau, France).
RESULTS

Characterization of isolated grana membranes
The BBY preparations have a chlorophyll a/b ratio of 2.32 ± 0.01 (thylakoids 3.42 ± 0.02) and an oxygen evolution activity of 328 ± 20 µmol O 2 ⋅ (mg chlorophyll ⋅ h) -1 indicating the isolation of active grana membranes. From cytochrome b 559 difference absorption spectra and from pheophytin quantification by HPLC analysis a total chlorophyll/PSII ratio of 209 ± 26 (n = 3, number of independent measurements) and 199 ± 7 (n = 5) was determined, respectively. Furthermore in a previous study (30) we measured that in our BBY preparations the PSII/PSI ratio is >30. From these data the trimeric LHCII/PSIImonomer ratio can be calculated from the equation chl/PSII(measured) = R･42 + 63 + 1/30･167; R, LHCII/PSII ratio; the numbers 42, 63 and 167 are the number of chlorophylls bound to trimeric LHCII, PSII (without trimeric LHCII) and PSI (4, 7, 31) . Solving this equation for R leads to a LHCII-trimer/PSII ratio of 3.0 to 3.3. The lipid content of the BBY preparation is 1.16 ± 0.15 lipids per chlorophyll. This value is significantly lower than reported for grana membranes prepared by mechanical thylakoid fragmentation (32) indicating that lipids were extracted by the detergent treatment. This is in line with a 20 % higher PSII density determined by freeze-fracture electron microscopy: The particle density in the exoplasmic fracture face (EF, see also below) increases from 1720 ± 63 particles per µm 2 in stacked grana regions of intact spinach thylakoids (14) to 2057 ± 22 particles per µm 2 in the BBY preparation.
Characterization of BBY membranes fused with unilamellar liposomes
In our previous study (18) we demonstrated that BBY membranes fused with liposomes (we will name these membranes "fused-BBY" in the following) have (i) a lower physical density, (ii) a higher lipid content and (iii) a lipid composition which is virtually indistinguishable from unfused BBY membranes. These observations suggest the incorporation of extra lipids from the liposomes into the BBY membrane bilayer. To further characterize the fusion products, freeze-fracture electron microscopy was applied ( Figure 1 ). This technique splits the membrane bilayer into two monolayers, which are named exoplasmic fracture face (EF) and protoplasmic fracture face (PF). EM micrographs of freeze-fractured liposomes ( Figure 1A ) confirm the size of about 60 nm diameter, as previously measured by dynamic light scattering (18) . Note that the surfaces of the fractured liposomes are smooth, indicating the absence of non-bilayer lipid phases. This is noteworthy, since the liposomes contain about 40 % -50 % monogalactosyldiacylglycerol (MGDG), which can form onion-like non-bilayer inverted hexagonal (H II ) phases (33) . Obviously H II phase formation is suppressed by the presence of the other thylakoid lipids, as already reported for liposomes prepared by the high-pressure extruder technique (34) .
Compared to untreated BBY membranes ( Figure  1B ), fused-BBY reveal a significantly decreased particle density ( Figure 1C ). These particles represent photosystem II (larger, less denselypacked particles in the EF face in Figure 1B ) and light-harvesting complex II (smaller, denselypacked particles in the PF face) (11) . This density decrease is a clear indication of the integration of extra lipids from the liposomes into the BBY bilayer. Occasionally, highly ordered semicrystalline protein arrays are visible in fused-BBY ( Figure 1D ). Statistical analysis reveals that the abundance of these arrays is always less than 20 % (percentage of total membrane area). The mean value is about 10 % and independent of the degree of protein dilution (fused-BBY with a lipid to chlorophyll ratio of 1, 2 and 10 were analyzed). It is noteworthy that no onion-like tubes were observed in fused-BBY membranes, indicating the absence of H II phase. The fusion protocol was optimized by incubating the membranes in low ionic strength buffer (0.3 mM MgCl 2 ), which gave the highest yield of fused-BBY. Comparison of untreated stacked BBY (7 mM MgCl 2 , 40 mM KCl) with BBY membranes passed through the fusion procedure but without adding liposomes (fusion-control) reveals the presence of fracture steps from the EF to the PF face and vice versa in the former ( Figure 1B , arrows) but their absence in fusioncontrols (Supplemental Figure1). These EF-PF or vice versa steps can occur only in stacked grana. Thus missing steps in the fusion controls are a clear indication that these grana membranes are destacked. Destacking of grana may be a prerequisite for efficient fusion since the yield of chimeric membranes produced is much lower in buffers with high ionic strength (not shown). The steady state activity of PSII in fused-BBY was probed by the light induced reduction of the PSII acceptor DCPIP in the presence of the electron donor DPC. The maximal activity of untreated BBY was 135 ± 11 µmol DCPIP ⋅ (mg chlorophyll ⋅ h) -1 (set as 100 %). Relative to this value the activity for BBY that passed through the fusion protocol but without addition of liposomes drops to 90 ± 2 %. In BBY fused with liposomes with a lipid to chlorophyll ratio of 1 the activity is comparable to untreated BBY (97 ± 6 %) and at the highest lipid to chlorophyll ratio of 10 the activity is still 67 ± 4 %. It can be concluded that liposome fusion of BBY decreased the PSII electron transport rate only slightly. The intactness of the water splitting apparatus was assessed by comparing DCPIP rates in the absence and presence of DPC. In untreated BBY the activity decreased to 100 ± 6 µmol DCPIP ⋅ (mg chlorophyll ⋅ h) -1 if DPC was omitted. This indicates that in about 74% of the PSII the water splitting apparatus is inactive. In fusion controls and in BBYs fused with liposomes at a lipid-tochlorophyll ratio of 1 and 10, the PSII activity drops to 62 ± 8 %, 34 ± 3 % and 11 ± 9 %, respectively. This shows that the fusion protocol induces some damage of the water splitting apparatus (74 to 62 %). Furthermore the data reveal that a high protein density is required for efficient water splitting. mol % lipid / mol % chlorophyll) induces an increase in Fv, although the data scatter is significant (control point is measured 20 times). At higher lipid contents Fv decreases to a level that is slightly lower than for unfused control membranes. A quantity expressing the maximal photochemical quantum efficiency of PSII is Fv/Fm. Fv/Fm remains almost unchanged up to a lipid/chlorophyll ratio of 1 and declines monotonically at higher protein dilutions. It levels off at a value of about 0.3 at high lipid contents. The data suggest a critical role of the lipid content in grana thylakoids on light conversion efficiency by LHCII and PSII. Adding lipids above one mol % lipid / mol % chlorophyll leads to a significant decline in photochemical quantum efficiency.
Absorption spectra
The stationary chlorophyll fluorescence data suggests a decoupling of LHCII from PSII. This was further verified by room temperature absorption spectroscopy. Isolated trimeric LHCII and PSII-cores reconstituted in liposomes (with the grana lipid composition) have absorption maxima in the Qy region at 676.0 nm and 674.0 nm, respectively (unpublished results). Relative to these values BBY membranes are red shifted with a Qy maximum at 678.5 ± 0.5 nm. Since the lipid environment in the proteoliposomes and in BBY is the same we conclude that the red shift in BBY is due to protein-protein interactions induced by macromolecular crowding. A blue shift in the Qy maximum indicates a separation of the protein complexes which is observed in fused BBY (Figure 3) . Thus room temperature absorption data confirm a lipid-induced separation of granal proteins. Note that the blue shift in Figure 3 saturates at the same lipid content (7 mol % lipid / mol % chlorophyll) as Fo (Figure 2 ).
Low-temperature
chlorophyll fluorescence spectroscopy Spectral deconvolution of chlorophyll fluorescence spectra at cryogenic temperatures allows the separation of different protein complexes involved in fluorescence emission (25) . Figure 4A At higher values we cannot resolve whether there is a further increase or saturation. A clear increase is also seen for F695 (CP47) but only up to a lipid/chlorophyll ratio of 1. This increase can be explained by an enlargement of the apparent PSII antenna size, which will be addressed in the next section. All other components are almost unaffected by the addition of lipids. An important question is whether the supposed signal of aggregated LHCII (F700) is present in unfused BBY (see Discussion). The Supplemental Figure 2 demonstrates that spectral deconvolution without this component is significantly worse indicating that F700 is required for fitting.
Probing the functional PSII antenna organization by chlorophyll a fluorescence induction analysis Chlorophyll fluorescence induction measurements in the presence of DCMU form a versatile technique for probing the functional organization of the light-harvesting system of PSII (35) . From the rise in Fv ( Figure 5A ) Q A reduction kinetics were calculated by the "complementary area method" (23) . The rate of Q A reduction reflects the apparent antenna size of photosystem II. Figure 5C shows a 25 % increase in Q A reduction rate in fused BBY for a lipid/chlorophyll ratio of about 0.5 to 1. Obviously the apparent PSII antenna size increases if the protein density is slightly lowered, which is in agreement with the increase in F695 ( Figure  4D ). For higher lipid/chlorophyll ratios the Q A rate decreases to a value of about 0.8 relative to that of unfused control BBY. Another parameter extracted from the chlorophyll fluorescence induction measurements is the excitonic connectivity between adjacent PSII complexes. It is long known (36) that PSII complexes can exchange excitons by a functional connection mediated by LHCII. This could be an important strategy to enhance the light-harvesting efficiency since an exciton generated at a PSII with a closed reaction center can be used by an adjacent PSII with an open RC. The degree of connectivity can be derived from plotting the Q A reduction level against Fv (23) -the stronger the deviation from linearity the higher the connectivity. Figure 5B shows examples for fusion control and fused BBY. As for the apparent PSII antenna size ( Figure 5A ) the connectivity increases for slightly increased lipid contents (compare curves 1 and 2 in Figure 5B ). For a more quantitative analysis the degree of deviation from linearity was extracted at a Q A reduction level of 0.33 ( Figure 5B dashed line) . The value of Fv at this reduction level was taken as a measure for the connectivity and was plotted as a function of the lipid/chlorophyll ratio ( Figure 5D ). At lipid/chlorophyll ratios of 0.5 to 1 the connectivity is maximal and declines to zero at high lipid contents. The latter indicates that PSII complexes become functionally disconnected ("puddle" model).
Time-resolved fluorescence spectroscopy of control and fused-BBY
Ultrafast fluorescence relaxation kinetics on control and fused BBY with open reaction centers (see Experimental Procedure) were fitted with a sum of four exponentials. The resulting fitting parameters are summarized in Table 1 .
Overall, increasing the lipid content leads to an increase of the average fluorescence lifetime. At a lipid/chlorophyll ratio of 2, about 50 % of the fluorescence decays with a lifetime of ∼1 ns or longer. At a lipid/chlorophyll ratio of 10 about 2/3 of the fluorescence relaxes with a lifetime longer than 1.6 ns. These long lifetime components are indicative of the formation of functionally uncoupled LHCII by protein dilution, consistent with the data presented above. It is important to notice that over the entire range of lipid/chlorophyll ratios, no complete detachment of the outer antenna from the core is observed, since disintegration into PSII cores (D1-D2-CP43-CP47) would have been accompanied by the appearance of a ∼40 ps component (28, 37) , which is not seen in our samples. While the fourth lifetime component can be assigned to completely uncoupled LHCII the interpretation of the third component is less clear. In unfused control BBY the third 600 ps component could reflect a small fraction of aggregated LHCII, which have a lifetime between 100 and 600 ps (e.g. 16, 38) . The lifetime of the third component in fused BBY is significantly longer (~1 ns and ~1.6 ns) and is possibly caused by a (slight) separation of LHCII from PSII. Formation of aggregated LHCII in fused BBY or (again) a slight separation of LHCII from PSII core could explain the increase in lifetime of the second component. See the Discussion section for further interpretations.
Resonance Raman spectroscopy
Carotenoid resonance Raman spectra were measured at 488.0 nm, where neoxanthin contributions dominate (40) . In the ν4 region, the spectrum for unfused BBY membranes shows a clear enhancement on the lower frequency side of the envelope (950-960 cm -1 ) relative to intact thylakoids ( Figure 6A) . The difference spectrum ( Figure 6B ) has the characteristic shape for distortion of LHC-bound neoxanthin which has already been observed in aggregated LHCII (40) and during photoprotective energy quenching in vivo (6) and which reflects a conformational change in this protein (41) . Thus the difference resonance Raman spectrum reveals the same neoxanthin distortion in unfused BBY compared to intact thylakoids. When the protein packing density in BBY was reduced by fusion with liposomes a relaxation of this neoxanthin distortion is observed ( Figure  6C, D) . Indeed for fused BBY at a lipid-tochlorophyll ratio of 1, the spectrum is very similar to that in thylakoids (the packing density is of the same order). At a fuse ratio of 10 the spectrum resembles that in isolated trimers (40) -i.e. very little neoxanthin distortion is now present ( Figure 6C, lower trace) . This indicates that dilution of the protein density in crowded grana leads to relaxation of this neoxanthin distortion, associated with a conformational change in LHCII.
DISCUSSION
Liposome fused grana thylakoids as a tool for studying impact of macromolecular crowding
Manipulating the lipid to protein ratio by fusion of BBY membranes with liposomes is a straightforward approach to study functional implications of macromolecular crowding in grana membranes. However, possible artifacts have to be considered. The ideal situation would be if the added lipids from the liposomes (i) are integrated in the BBY bilayer membrane (ii) without H II formation of MGDG, (iii) do not induce artificial lipid-protein interactions, (iv) lead to a homogeneous protein dilution, (v) preserve the native protein orientation (i.e. avoiding protein flip-flops) and (vi) do not induce disruption of the protein complexes. Freeze-fracture EM analysis of fused-BBY give strong evidence that points (i) and (ii) are realized in our fused-BBY. Furthermore, by using the native lipid composition artificial lipidprotein interactions can be ruled out (iii). Most of the EM micrographs indicate a homogeneous protein dilution ( Figure 1C ) (iv), although semicrystalline protein arrays are occasionally visible ( Figure 1D ). These highly ordered structures probably represent aggregated LHCII trimers, which are formed if LHCIIs are orientated in an antiparallel way in the membrane (5). This non-native orientation must therefore be caused by an artificial protein flipflop induced by the fusion. Thus it seems that point (v) could be critical in fused BBY. However, good indications exist that LHCII aggregates are of minor significance in fused BBY. Firstly, 2D semicrystalline arrays were detected in only about 10 % of the membrane areas. Bearing in mind that antiparallel-oriented LHCII trimers have a high tendency to aggregate this indicates that only a small number of proteins underwent flip-flops. Secondly, analysis of low-temperature fluorescence spectra did not show an increase in the 700 nm band, which is associated with LHCII aggregation (e.g. 39). In contrast, the sharp increase of the 680 nm component ( Figure 4C ) is a good indicator of free, non-aggregated LHCII. Thirdly, the interpretation of the low-temperature fluorescence data is supported by the Fo data ( Figure 2 ): LHCII aggregation would lower the Fo level in contrast to the marked increase upon lipid addition. Fourthly, LHCII aggregates are characterized by a 100 to 600 ps lifetime component (e.g. 16, 38) . Such aggregates may contribute to the second lifetime component, the value of which increases in fused BBY. However, its amplitude becomes smaller, indicative of a low abundance of semicrystalline arrays. The integrity of the pigment-protein complexes (vi) is indicated by the absence of emission bands around 650 and 670 nm in fluorescence spectra at cryogenic temperatures ( Figure 4A and 4B), which would occur if free, non-proteinbound chlorophyll b (650 nm) or chlorophyll a (670 nm) were formed by the fusion. Furthermore the absence of a ∼40 ps component (Table 1) in fused BBY indicates that the PSII complex is not disrupted (see also below). In summary, the detailed functional and structural analysis reveals that fusion of SUVs with BBY leads to a chimeric membrane bilayer with diluted protein packing but which avoids disintegration of granal protein complexes and H II formation of MGDG. Artificial protein flipflops occur but are rare. We conclude that this technique is appropriate to study the elusive field of macromolecular crowding in grana thylakoids.
Sub-optimal light harvesting at very high protein packing densities
Addition of about 0.5 to 1 mol % lipid per mol % chlorophyll to BBY membranes increases the apparent PSII antenna size detected by fluorescence induction ( Figure 5C ) and 77 K fluorescence spectroscopy (F695 increase in Figure 4D ) as well as the excitonic connectivity between PSII centers ( Figure 5D ). Obviously light-harvesting in highly-crowded, unfused BBY membranes is not optimized and becomes more efficient by a slight dilution of the protein density. From our lipid determination (18) we can estimate that the protein density decreases from about 80 % in untreated BBY to about 70 % at a mol % lipid / mol % chlorophyll ratio of 0.5 to 1 (The protein area fraction for this lipid/chlorophyll range is estimated to be 70 to 65 %). It follows that the PSII particle density decreases from ~2050 particles per µm 2 (freeze fracture EM data) to ~1800 particles per µm 2 . Interestingly, the latter density is similar to the PSII density measured in stacked grana of intact thylakoids prepared from spinach plants growing under the same conditions (about 1720 particles per µm 2 , 14). It seems that the protein density in native grana thylakoids is adjusted to a value of about 70 % area occupation, which ensures efficient light-harvesting. The change in protein density from ~2050 PSII-dimers per µm 2 to 1800 per µm 2 is illustrated in Figure 7A and 7B. The question arises why light-harvesting in overcrowded, untreated BBY membranes is less efficient. A possible explanation can be derived from Figure 7A . Due to the tight protein packing, part of the neoxanthin molecules protruding outward from trimeric LHCII would overlap with adjacent protein complexes (highlighted by purple stars). Each monomer in LHCII trimers binds one neoxanthin molecule, which sticks out into the hydrophobic membrane and is structurally highly flexible (38) . Since a neoxanthin-protein overlap is sterically not possible the flexible carotenoid will be distorted at these contact points. This distortion has also been detected by resonance Raman spectroscopy in tightly-packed LHCII aggregates and crystals, and is associated with other LHCII structural changes which together induce energy dissipation (6, 40) . Thus neoxanthin bending could be forced by protein crowding in unfused BBY causing energy quenching. This in turn would decrease the apparent PSII antenna size and the connectivity between adjacent PSII complexes, i.e. more light quanta are required for photochemistry (affects the apparent antenna size) and energy transfer between PSII will be impeded by the quencher (affects the apparent connectivity). This "neoxanthin-hypothesis" is supported by resonance Raman data ( Figure 6 ). Unfused, overcrowded BBY membranes show spectral features typical for neoxanthin distortion, which are absent in intact thylakoids (see difference spectrum in Figure 6B ). In addition neoxanthin distortion can be reversed by diluting the protein density ( Figure 6C, D) . Furthermore two pieces of evidence support the existence of energy quenchers in unfused BBY. (i) Spectral fitting of 77 K fluorescence spectra is significantly improved if a 700 nm component for quenched LHCII is included (see Supplemental Figure 2 ).
(ii) Fv increases when the lipid content is slightly increased (~1 mol % lipid / mol % chlorophyll, Figure 2 ). This indicates that Fv was partially quenched in unfused BBY. Importantly, at a protein area occupation of 70 % it is possible to pack the proteins without producing a neoxanthin-protein overlap ( Figure  7B ). Thus protein packing in native grana membranes might be adjusted to about 70 % to avoid neoxanthin bending associated with unwanted energy dissipation.
In parallel with the improvement of lightharvesting of PSII by slight dilution of the protein density, the increase of Fo (Figure 2 ), of F680 in 77 K fluorescence spectra (Figure 4 ) and the blue shift of the Qy chlorophyll absorption band (Figure 3) indicate the presence of LHCII that are uncoupled from other protein complexes. However, fluorescence lifetime analysis (Table 1 ) reveals that these changes are not mainly caused by a complete functionally uncoupling of LHCII from PSII. Isolated, functionally-uncoupled LHCII trimers have a fluorescence lifetime of 2 to 4 ns (e.g. 16) , which corresponds to the fourth component in Table 1 . The fluorescence quantum yield of the fourth component (calculated from Table 1) increases from < 10 % (unfused control) to only ~ 11 % at a lipid to chlorophyll ratio of two. Thus this component has a negligible effect on the Fo and F680 increases. A pronounced increase induced by moderate dilution (2 lipids/chlorophyll) is apparent for the third lifetime component, the fluorescence quantum yield of which increases from ~ 20 % to ~ 70 % and which is thus mainly responsible for the Fo and F680 increases in this protein dilution range. The increased quantum yield of the third component probably indicates a loosening but not complete uncoupling of functional LHCII-PSII interactions. Since the Förster rate for energy transfer between pigments is highly dependent on the distance between the pigments (3) a slight increase in separation (compare Figure 7A with 7B) could have a pronounced effect on the intermolecular energy transfer probability, expressed by an increased fluorescence lifetime.
Disruption of the functional protein network by higher protein dilution
The strong dependency of the energy transfer probability on the chlorophyll-chlorophyll distance in adjacent LHCIIs or LHCII and PSIIsupercomplexes suggests that the protein density in grana thylakoids should not drop under a certain threshold. This is clearly seen in functional PSII parameters. At lipid/chlorophyll ratios above 2 the connectivity parameter ( Figure 4B ) and the apparent antenna size ( Figure 5D ) clearly decline, and going along with a decrease in Fv (Figure 2 ). Also the maximal photochemical quantum efficiency of PSII (Fv/Fm) decreases in this lipid/chlorophyll range. However, as demonstrated in Figure 2 , the Fv/Fm decrease is mainly caused by an increased Fo rather than by a Fv decrease. This indicates that the photochemistry of PSII remains intact while the lower photochemical quantum yield is due to LHCII separation from PSII. This LHCII separation is consistent with the increase of F680 in 77 K spectra, the blue shift of the Qy absorption band and the increased contribution of long fluorescence lifetime components ( Table 1 ). The changes of Fo, Fv/Fm and Qy-absorption maximum induced by lipid addition saturate at a lipid/chlorophyll ratio of about 7. For this value a protein area fraction of 40 to 50 % can be estimated. Obviously at this protein density the functional uncoupling is complete, and further dilution has no effect. Figure 7C gives an idea of the corresponding protein density.
Closer inspection of the situation at 40 to 50 % protein density reveals interesting details. The connectivity parameter indicates a complete disconnection between photosynthetic units. However, the change in apparent antenna size is moderate. Compared to the maximum value, the functional PSII antenna size decreases by only about 35 % (from Figure 5C ). Assuming that all trimeric LHCII are coupled to PSII at a lipid/chlorophyll ratio of 0.5 to 1 (maximal functional antenna size, Figure  5C ) disconnection of one, two or three trimeric LHCII would decrease the PSII antenna size by 21 %, 42 % or 64 %, respectively (42 LHCIIchlorophylls/196 total-chlorophylls, 84/196 or 126/196). Thus probably only two LHCII trimers can be disconnected from PSII by lipid addition while one remains bound. From these considerations we conclude (as suggested in Figure 7C ) that the LHCII-PSII supercomplex is not disrupted into core particles and outer antennae by the protein dilution. This is in line with the absence of a significant 40-ps component in the time-resolved fluorescence data (Table 1) and with the moderate decrease in Fv. It follows that the supramolecular protein network in grana thylakoids responds differentially to dilution of the protein density in grana membranes by lipid addition. Looselybound peripheral LHCII can be separated by lipid addition while more strongly-bound LHCII trimers in the supercomplex remain connected.
Conclusions
Both the lipid content and the PSII particle density (determined by freeze-fracture EM) indicate a significant lipid depletion in our BBY membranes compared to intact grana thylakoids, leading to a very dense protein packing (~ 80% protein area). Decreasing the protein packing to ~ 70 % area occupation, which resembles the value in intact grana thylakoids, improves the light-harvesting efficiency of PSII (larger apparent antenna and higher connectivity). We hypothesize that this improvement is due to an un-bending of LHCII-bound neoxanthin which is distorted in unfused, overcrowded BBYs where it causes energy quenching. This hypothesis is supported by resonance Raman spectroscopy of neoxanthin. A further dilution of the protein density leads to a decreased efficiency of energy transformation, which is due to separation of LHCII from PSII. Thus energy transformation by PSII in grana thylakoids depends on a delicate balance of the protein/lipid stoichiometry. How thylakoid membranes adjust and tune their lipid/protein stoichiometry is unknown. In this respect plastoglobuli could act as a dynamic lipid reservoir. Recently EM tomographic analysis reveals that plastoglobuli are permanently connected to the thylakoid membrane system, thus allowing a flexible lipid exchange (42) . Furthermore the lipid content in the thylakoid bilayer could be modulated by H II formation of MGDG (43) . An interesting possibility would be that H II formation could determine the lipid content in grana bilayers and in this way control the protein packing density and energy quenching. 7 . Models of protein densities in a grana disc (50 x 50 nm). Structures of the dimeric LHCII-PSII supercomplex and trimeric LHCII are taken from (7) . For the models a trimeric LHCII to PSII ratio of three was assumed (see in the Text). A, PSII-dimer density 2057 per µm 2 , corresponding to unfused BBY, purple stars indicate putative overlap of protruding neoxanthins with adjacent proteins; B, PSII-dimer density 1800 per µm 2 corresponding to fused-BBY at lipid/chlorophyll of 075; C, PSII-dimer density 1100 per µm 2 corresponding to fused-BBY at lipid/chlorophyll of 10.
FIGURE LEGENDS
Supplemental Fig. 1 . Electron micrographs of freeze-fractured BBY membranes passed through the fusion process but without liposome addition (fusion control). Note the missing transitions between EF and PF faces and vice versa. Scale bar, 100 nm. 
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